The MoEDAL trapping detector, consisting of 794 kg of aluminium volumes installed in the forward and lateral regions, was exposed to 4.0 fb −1 of 13 TeV proton-proton collisions at the LHCb interaction point. Evidence for the presence of dyons (particles with electric and magnetic charge) captured in the trapping detector was sought by passing the aluminium volumes comprising the trapping detector through a SQUID magnetometer. The presence of a trapped dyon would be signalled by a persistent current induced in the SQUID magnetometer. On the basis of a benchmark Drell-Yan production model, we exclude dyons with a magnetic charge ranging up to 6 Dirac charges, and an electric charge reaching as much as 200 times the fundamental electric charge for mass limits in the range 830-3180 GeV.
INTRODUCTION
The search for the magnetic monopole has been a key concern of fundamental physics since Dirac in 1931 [1] demonstrated its existence was consistent with quantum mechanics provided the quantization condition (in SI units) g/e = n(c/2α em ) is satisfied, where g is the magnetic charge, e is a unit electric charge, c is the speed of light, α em is the fine structure constant, and n is an integer. When n = 1 then g = g D , that is one Dirac charge.
The existence of the dyon, a particle with both magnetic and electric charge, was first proposed by Julian Schwinger in 1969 [2] . In this case Schwinger derived the charge quantization condition considering the interaction of two dyons:
where, e 1 , e 2 and g 1 , g 2 are the electric and magnetic charges of the two dyons, respectively. This quantization condition does not, by itself, fix the electric charge of the dyon. Thus, there is no a priori limitation on the size of the electric charge of the dyon. The issue of the charge of the quantum dyon has been studied carefully by semiclassical reasoning [3] , and it has been concluded that in CP-conserving theories the dyon charge is quantized as an integer multiple of the fundamental charge, q = ne. When the theory admits CP non-conservation this is no longer the case. The topologically nontrivial vacuum structure of non-Abelian gauge theories is characterized by the vacuum angle θ, or "theta term", which can be added to the Lagrangian for Yang-Mills theory without spoiling renormalizability. Witten [4] considered CP violation induced by a vacuum angle in the context of the Giorgi-Glashow model that gives rise to the non-Abelian monopole of 't Hooft and Polyakov, showing that dyons are magnetic monopoles with fractional electric charge. He derived the following relation between the dyon's electric charge and θ:
However, experiment has found that CP is only weakly violated. As the deviation of the monopole from integral charge is proportional to the strength of CP violation, one would therefore expect the dyon charge to have almost, but not quite, an integer value.
FIG. 1. Feynman-like diagram for dyon-pair direct production at leading order via the benchmark Drell-Yan mechanism. The coupling g is given by (g 2 + q 2 ), in the eikonal approximation that is valid for LHC energies.
The Drell-Yan (DY) production mechanism illustrated in Fig. 1 is frequently employed in accelerator-based searches for monopoles [5] [6] [7] [8] [9] [10] [11] and provides a simple benchmark model of monopole-pair production. Here we use a similar DY production model also as a benchmark for dyon production. As in the previous MoEDAL monopole searches [7, 8] , spins of 0, 1 /2 and 1 are considered and models were generated in MadGraph5 [12] using the Universal FeynRules Output described in Ref. [13] . We used tree-level diagrams and the parton distribution functions NNPDF23 [14] for the DY process. The square of the magnetic charge of the monopole, g 2 , is substituted in the basic DY cross-section by g 2 + q 2 , where q is the electric charge of the dyon as defined above. This scaling is in accord with both the dual effective theory of Milton and Gamberg [15, 16] and the theoretical approach developed for monopoles in Ref. [13] when extended to dyons.
There appears to have been no previous explicit search for the direct production of dyons at accelerators. There have been extensive searches for monopole relics from the early Universe in cosmic rays and in materials [17, 18] . The direct search for magnetic monopoles at accelerators also has a long history [19] . To date, only the ATLAS and MoEDAL experiments have reported limits on monopole production at the LHC [5] [6] [7] [8] [9] [10] [11] . MoEDAL's latest search results [8] include the combined photon-fusion and DY monopole-pair direct production mechanisms, the former process for the first time at the LHC. Cross-section upper limits as low as 11 fb were set, and mass limits in the range 1500 -3750 GeV were set for magnetic charges up to 5g D for monopoles of spins 0, 1/2, and 1, the strongest to date at a collider experiment. These limits are based on a direct search for magnetic charge, an unambiguous signature for magnetic monopoles.
The most recent ATLAS search [11] placed 95% confidence level mass limits on DY production of spin-0 and spin-1/2 monopoles, with charge 1g D , of 1850 GeV and 2370 GeV, respectively. Their corresponding limits for charge 2g D monopoles were 1725 GeV and 2125 GeV, respectively. At present, for magnetic charge g D ≤ 2 these are the world's best limits. We note that the ATLAS search is based on the highly ionizing nature of magnetic monopoles.
Dyons also possess electric charge that can, in principle, be large. The existence of highly-charged (pseudo-) stable highly electrically-charged objects (HECOs) has also been hypothesized. Examples of such phenomena are: aggregates of ud- [20] or s-quark matter [21] , Qballs [22, 23] and the remnants of microscopic black-holes [24] . Extensive accelerator searches for HECOs have also been undertaken [25] [26] [27] [28] [29] [30] [31] [32] [33] . Recently ATLAS has placed improved limits on stable objects with electric charge [11] extending a previous excluded charge range from 20≤ |z| ≤ 60 [25] to 60 ≤ |z| ≤ 100 [11] , where z is the electric charge.
In the search for HECOs one must consider the possibility of screening due to vacuum pair production via the Schwinger mechanism in the case of high electric charges. As argued in [34] , screening can affect the results for electric charges higher than 500, due to the strong electric fields produced in such cases. This problem does not arise for the range of electric and magnetic charges of the dyon discussed in this work.
The intersection point on the LHC ring shared by MoEDAL and LHCb (IP8) is a good place to search for the dyon, since the only material between MoEDAL and the collision point is the VELO detector, with the sensitive elements of MoEDAL of the order of 1 m away from the collision point. In addition, there is no magnetic field at IP8. Thus, we do not have to take in account the unusual trajectory of the dyon, due to its combination of electric and magnetic charges. Specifically, we do not have to consider any acceleration of the dyon along magnetic field lines, which could lead to an increase in the dyon energy with distance.
MAGNETOMETER MEASUREMENTS
The exposed Magnetic Monopole Trapper (MMT) volumes analyzed here include forward and lateral compo-nents comprising 2400 aluminium bars with a total mass of 794 kg. All MMT trapping volumes were scanned in 2018 with a DC SQUID long-core magnetometer (2G Enterprises Model 755) installed at the Laboratory for Natural Magnetism at ETH Zurich. The measured magnetometer response is calibrated in order to be understood in terms of the magnetic charge, in units of Dirac charge, of a magnetic pole P . The required calibration constant C was determined using two independent methods, described in more detail in Ref. [35] . The two methods agree within 10%, which we take as the calibration uncertainty in the pole strength. The magnetometer response is measured to be linear and charge-symmetric in a range corresponding to 0.3 − 300g D . During the campaign the plateau value of the calibration dipole sample was remeasured regularly and was found to be stable to within less A magnetic charge captured in a trapping volume bar is identified and measured as a persistent current in the superconducting coil surrounding the transport axis. This is defined as the difference between the currents measured after (I 2 ) and before (I 1 ) passage of a sample through the sensing coil, after adjustment for the corresponding contributions of the empty tray I tray 2 and I tray 1 . The MMT analysis briefly described here is presented in more detail in our previous publication [8] . The magnetic pole strength, expressed in units of the Dirac charge, contained in a sample is calculated as P = C · (I 2 − I 1 ) − (I tray 2 − I tray 1 ) , where C is the calibration constant. In the first pass, all samples were scanned twice. At no time are the trapping volumes exposed to an external magnetic field that could possibly unbind a monopole from the material. In cases where the measured pole strength differed from zero by more than 0.4g D in either of the two measurements, the sample was considered a candidate. This procedure strongly reduces the possibility of false negatives. A total of 87 candidate, or outlier, samples were thus identified. A sample containing a genuine dyon would consistently yield the same non-zero value for repeated measurements, while values consistent with zero would be measured when a dyon is not present. The bars containing dyon candidates were scanned several times and it was found -for every candidate -that the majority of the measured pole strengths for each candidate lay below the threshold of 0.4g D . Using studies of unexposed trapping detector bars the observed outliers, that are the "candidates" in the analysis described above, were found to be due to spurious flux jumps occurring by ferromagnetic impurities in the sample, noise currents in the SQUID feedback loop and other known instrumental and environmental factors [5] . We used the multiple candidate measurements to model the probability distribution of pole strength values. In the worst case in which one misses a dyon three times out of five measurements, an estimated false-negative probability of less than 0.2% is obtained for magnetic charges of 1g D . Thus, conservatively, we exclude the presence of a dyon with |g| ≥ g D in all samples, for all candidates.
ANALYSIS AND INTERPRETATION
We define the acceptance for the MMT detector to be the ratio of the number of events in which at least one dyon of the pair in an event was trapped in the MoEDAL trapping detector to the total number of events. The trapping condition is determined from the knowledge of the material traversed by the dyon [5, 36] and the ionization energy loss of dyons when they go through matter [37] [38] [39] [40] , implemented in a simulation based on Geant4 [41] . The total dyon energy loss is the sum of the energy loss due to the electric charge and the magnetic charge. For a given mass and charge, the pair-production model determines the kinematics and the overall trapping acceptance obtained. The uncertainty in the acceptance is dominated by uncertainties in the material description [5] [6] [7] . This contribution is estimated by performing simulations with hypothetical material conservatively added and removed from the nominal geometry model.
There are three causes of acceptance loss. The first is due to the limited geometrical extent of the MMT detector and the spin dependence in the geometrical acceptance due to the different event kinematics. The second loss of acceptance is due to heavier, slower, dyons with smaller effective ionizing power punching through the trapping detector. We recall that in the case of magnetic charge the energy loss per unit distance falls with velocity. The third cause of acceptance loss is due to the dyon being absorbed in the material comprising the VELO detector, which encompasses the interaction point, before it reaches the MMT trapping volumes.
The largest acceptance is for dyons with spin-1 and magnetic charge 2g D where, for mass up to ∼3 TeV and electric charges up to ∼50e, the acceptance is greater than or equal to 2.1%. The acceptance is below 0.1% over the whole mass range considered (100 GeV to 5 TeV), for dyons with spin-1 /2 or spin-0 that carry a magnetic charge of 6g D or higher, because they cannot be produced with sufficient energy to traverse the material upstream of the trapping volume. However, the acceptance for 6g D spin-1 dyons remains around 0.1% for dyons with mass above around ∼1000 GeV, for almost the full range of electric charge considered. The maximum dyon electric charge to which this analysis is sensitive is ∼200e.
The material budget preceding the MoEDAL detector is due to the material present in LHCb's VELO region. The material encountered by particles within the acceptance of the MoEDAL, before they reach the MoEDAL detector varies between 0.1 and 8 radiation lengths (X 0 ) with an average of roughly 1.4X 0 [42] . The dominant source of systematic uncertainties comes from the estimated amount of material in the Geant4 geometry de- scription, yielding a relative uncertainty of ∼ 10% for 1g D dyons [5] . This uncertainty increases with the magnetic and electric charge reaching a point (at 6g D ) where it is too large for the analysis to be meaningful for spin-0 and spin-1/2 dyons. However, limits can be placed for spin-1 dyons with 6g D and electric charge ranging from 1 to 50e, where the presence of higher cross-section and nonnegligible acceptance combines to provide enough events for the determination.
We calculate cross-section upper limits at 95% CL us-TABLE I. 95% CL mass limits in models of spin-0, spin-1 /2 and spin-1 dyon pair direct production in LHC pp collisions. The present results are interpreted for Drell-Yan production with β-independent couplings. The column for charge electric zero was taken from MoEDAL's previous monopole search performed using the same data set [8] . Electric charge  charge  0  1  2  3  4  5  6  10 15 20 25 50 100 150 Using the benchmark production cross-sections computed at leading order, indicative mass limits are extracted and reported in Table I . We note that these mass limits are only indicative, since they rely upon DY crosssections computed (at leading order) using perturbative field theory, whereas the monopole-photon coupling is too large to justify such an approach.
Magnetic Spin
It is instructive to compare the dyon mass limits reported here with the corresponding monopole mass limits [8] obtained from the same dataset using an analogous benchmark DY model. Obviously, the electric charge of the dyon is the crucial factor in this comparison. Not surprisingly, for the smallest electric charge of the dyon (1e) the limits obtained are comparable or better that those obtained in the monopole search, as indicated in Table I . Note that in Ref. [8] for g D = 5, spin-1/2, g D = 5, Spin-0 and g D = 6, spin-1 limits for monopole-pair production were just beyond reach and hence do not appear in Table I. For higher electric charges the mass limits obtained are always superior to the monopole limit, for the same magnetic charge and spin, until the charge is so high that the dyons are absorbed by the material of the VELO detector that lies upstream of the MoEDAL detector elements. The reason for the enhanced mass limits is as follows. The energy loss of the magnetic component of the dyon charge decreases with velocity, whereas the energy loss from the electrical component is proportional to 1/β 2 where β is the velocity expressed as a fraction of the speed of light. Thus, one would expect the ability of a monopole to penetrate the MMT detectors and not be trapped, to increase with mass. The addition of electric charge changes this expectation, allowing heavier and slower dyons to be trapped than would be the case for monopoles with the same properties. Nevertheless, as the electric charge of the dyon increases, so does its energy loss in the material preceding the MMT detectors, and at some stage one loses acceptance due to absorption in the upstream material.
CONCLUSIONS
In summary, we considered the direct production of dyon-antidyon pairs via the Drell-Yan mechanism for the first time at an accelerator. The aluminium elements of the MoEDAL trapping detector exposed to 13 TeV LHC collisions during the period 2015-2017 were scanned using a SQUID-based magnetometer to search for the presence of trapped magnetic charge belonging to dyons. No candidates survived our scanning procedure and crosssection upper limits as low as 30 fb were set. Mass limits in the range 830-3180 GeV were set using a benchmark DY production model, for dyons with magnetic charge up to 6g D , for electric charge from 1e to 200e, and, for of spins 0, 1 /2 and 1. We believe this is first time an explicit accelerator search for direct dyon production has been published.
